Introduction 48 Meat is considered as the most important livestock product because of its high nutritional value. The 49 significance of meat is related to its high quality protein, which contains all the essential amino acids, 50 vitamins and minerals. The demand for meat and meat products is growing in many parts of the world 51 because of the growing population. It is expected that world meat production will double by 2050, 52 which is mostly driven by demand in developing countries (FAO) . 53 Minced meat is one of the most popular meat products from the producer and consumer points of view 54 because of its known consistency as a cost-effective and pleasing food (Morsy and Sun 2013). Minced 55 beef in particular is a major ingredient for a variety of products such as hamburgers, sausages and meat 56 balls. It is available and priced in the market based on varying fat levels. Sausages for example are a 57 product with the primary aim of presenting large fat proportions in a palatable way. Moreover when 58 preparing more 'noble' cuts of meat, trimmings are produced from which the fat is removed. These can 59 be minced together to produce products which are more desirable to the consumers because of their 60 different texture than that of the whole meat (Ranken 2000) . 61 Fats are also important precursors of meat aroma and are an essential component for flavour 62 development. Fat is associated with the species-specific flavour of beef, playing a significant role on the 63 characteristic taste of beef meat (Kerth and others 2015). It can also be related to an off flavour due to 64 lipid oxidation (Boylston and others 2012). The distribution of fat within the lean portion of meat is 65 defined as marbling. Marbling and fatness are used as meat quality indicators, with meat having high 66 marbling considered to be desirable due to the effects of fat on flavour and tenderness (Toldrá 2010). 67 The quality of meat is defined by consumer acceptability and involves appearance characteristics 68 (such as color, amount of fat, amount of visible water) and also tenderness, juiciness and flavor. As fat 69 contributes considerably to the tenderness and flavor consistency of ground beef it is of paramount 70 importance to have the correct proportions of fat (Toldrá 2010). Authenticity of the food available in the 71 market is a major requirement to meet the demands of consumers and assuring compliance with the 72 government regulations and safety standards. Thus, to ensure the correct quality and amount of fat and 73 other chemical elements in minced meat, its chemical composition should be analyzed (Tøgersen and 74 others 2003). 75 The use of PAT (Process Analytical Technology) tools provides a major opportunity for the meat 76 industry to enhance the competitiveness of its processing industries and gain added value in the 77 worldwide market (Misra and others 2015). The unique features obtained from NIR spectra makes the 78 approach suitable for PAT applications (Bakeev 2010). NIRS (Near infrared spectroscopy) is a sensing 79 solution which provides real time quality control and assurance. NIRS is widely used in the food and 80 pharmaceutical industries, primarily due to its advantages including; speed of analysis, accuracy, little 81 or no sample preparation and non-contact approach (Gowen and others 2008; Prado and others 2011). It 82 has been proved to be successful for the prediction of chemical composition parameters, such as fat, 83 water and protein content in the meat industry, which could speed up the quality assurance procedure of 84 these products (Prieto and others 2006b). NIRS is a convenient tool not only for characterizing foods, 85 but also for quality measurements and process control (Alexandrakis and others 2012). The use of 86 multipoint NIRS systems have the added advantage of providing spatial information, a significant factor 87 when dealing with heterogeneous samples such as meat (Dixit and others 2016b). There is considerable 88 interest to use NIR on-line to predict chemical parameters in the meat industry. However, distances 89 between the production line and the NIR setup and errors introduced by sampling have been major 90 obstacles in this regard. Continuous efforts are being made to improve NIR on-line application due to 91 the meaningful spectra provided by this procedure (Andres and others 2007). Predicting chemical traits 92 of minced beef while in motion with the use of NIRS technology would be of great advantage to moving 93 production lines such as conveyors and hopper systems and studies have been conducted in this regard 94 (Wold and others 2011). The many advantages offered by NIRS would make it an indispensable 95 technology for meat industries. Moreover, the measurement of several constituents simultaneously 96 without any sample preparation and pre-treatment adds value to this efficient technique.
Most commercially available NIR spectroscopy devices are limited to single point analysis and thus 98 spatial information is ignored. If the sample is heterogeneous, such as meat, a single value might not be 99 able to characterize the bulk sample (Wold and others 2011). Moreover, present industrial systems in 100 the market such as multi-spectral imaging systems are placed fixed to the conveyor belt measuring in 101 only one endpoint of the production line. Also, the mentioned systems could only be used at a fixed 102 specified height and measure single sample at a time, whereas the multipoint NIR system used in this 103 study illustrates the potential to monitor different endpoints (various samples) at the same time using a 104 single system. Most of the multipoint NIR systems used in the previous studies are quasi-simultaneous 105 i.e. only one probe operates at a time and the particular probe is activated using a fiber switch or they 106 used two different spectrophotometers (Scheibelhofer and others 2013). The probes of the NIR 107 spectrophotometer used in the current study perform concurrent measurements independently 108 Additionally the system could use different standoff distances and different light sources for individual 109 probes, the probes could be placed inside a drying or freezing chamber for a specific temperature range. 110 This is of importance in order to monitor the whole production process at its different stages and detect 111 any abnormality on the compositional readings before the product continues to the next stage. The 112 multipoint feature of the current system provides various advantages such as; probe flexibility, spatial 113 information, overcoming sample heterogeneity and many more. 
Materials and methods

128
In order to ensure reproducibility of the results, the methodologies described in this section were 129 conducted in three independent experiments, further on referred as batch 1, batch 2 and batch 3.
131
Sample Preparation 132 Sample preparation was performed following the methodology described by (Dixit and others 2016a). 133 Briefly, fifty-four minced samples ranging from 0 to 100 % (w/w) in fat trimmings content were 134 prepared in increments of 20 % (w/w) and in triplicates. Three independent experiments (18 samples per 135 independent experiment) were studied. Each sample comprised of approximately 15 g of a mixture of 136 minced lean and minced fat beef trimmings. 137 Initially, fresh striploin beef steaks weighing approximately 1.5 Kg were purchased from a local 138 butcher's shop in Dublin city. On the same day, the steaks were carefully cut in order to accurately 139 separate the lean from the fat beef trimmings. The lean beef and fat trimmings samples were first cut 140 into small cubes and minced separately using an electric food processor, which was carefully cleaned 141 using an antibacterial washing liquid and properly dried before each use. The earlier described mixtures 142 were then prepared using the already minced lean and fat trimmings. These were then minced further in 143 order to ensure homogeneity and placed in sealed disposable aluminium dishes to be stored overnight at 144 4 °C.
Proximate analysis of the minced lean beef and minced fat beef trimmings samples were carried out 147 using standard methods of the AOAC (2000): moisture content (method 950.46) and fat (method 148 960.39).All the analyses were performed in triplicates. 150 The day after sample preparation, samples were removed from storage at 4 °C and allowed to reach 151 room temperature before spectroscopic analysis. Measurements were conducted at room temperature to 152 illustrate the ability of multipoint NIRS to work in NTP (Normal Temperature and Pressure) conditions 153 which could be beneficial for its application in an industrial environment. The NIR spectrophotometer 154 used for this study operates in the wavelength range of 1515 to 2100 nm with a resolution of 5nm. The 155 probes were placed at a distance of 2-3 mm from the sample and its surface was flattened to reduce the 156 impact of distance difference between the sample and the probes. Measurements were first taken under 157 static conditions in order to mimic a typical at-line analysis scenario in a production line followed by the were applied to remove noise from the acquired spectra. A Savitzky-Golay filter of order zero with a 172 moving average window of 11 points was selected along with a polynomial of 3 rd degree. The resulting 173 processed data was analyzed and modelled using partial least squares regression (PLSR) with the 174 purpose of developing calibration models for predicting fat and moisture content, relevant for quality 175 purposes in a typical meat production line. 176 Absorption bands in the NIR region are broad and heavily overlapped, being difficult to 177 distinguish the individual peaks through visual inspection (Cozzolino 2015). In order to overcome this, 178 chemometric techniques such as PLSR have been used. PLSR analysis was used to find a mathematical 179 relationship between absorbance at different wavelengths and the chemical attributes: fat and moisture. 180 The PLSR was conducted using the package "pls" in R. The procedure has two steps, the first is the 181 calibration and the second is the prediction that tests the calibration model (Meza-Marquez and others 182 2010). Models for fat and moisture composition of beef for at-line and on-line modes were developed 183 respectively. In order to develop the calibration models, processed data acquired for batch 1 and batch 2 184 were used, along with the reference values fat and moisture obtained from the proximate analysis. The (2) 200 Where nc is the number of data samples for calibration, nv is the number of data samples for validation, 201 ŷi is the prediction value and yi is the measured value. The average differences between predicted and 202 actual values were considered as bias. Table 1 . Moisture and fat were the major components present, which will therefore 212 be expected to have an important contribution to the corresponding spectrum from each sample. All 213 results in Table 1were in The noise in the NIR spectra for on-line mode (Fig.1 b) could be due to a variation in the amount Table 2 . Higher values of 2 , 2 and RPD values; lower values of SEC and 256 SECV confirms a good fit for the models (Table 2) . PLSR models for fat showed a good fit in both at- also be attributed to the bias observed in moisture content predictions ( Fig. 4 a and b) . In an industrial 
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NIR spectra acquisition
